PTFE (polytetrafluoroethylene) is the fluorinated straight-chain polymer, made by the polymerization of tetrafluoroethylene monomer; it is used widely because of its excellent performance and can be obtained by the polymerization of body, solutions, suspensions, and emulsions. But only the last two are the main ways. This research paper makes simulation based on Polymer Plus. It uses the emulsion polymerization method at background to carry out a semibatch reactor system. Upon the actual production conditions, simulation process under the steady state conditions is used to analyze the effects of the changes on operating conditions; the corresponding dynamic model is created to analyze the impact of the changes of conditions on the entire system. Moreover, the amount of APS which plays an important part in this reaction is discussed for getting the most suitable amount of initiator. Because of less research work on this job, it is so difficult to find the related data from the literature. Therefore, this research will have a great significance for the process of the tetrafluoroethylene emulsion polymerization in the future.
Introduction
Polytetrafluoroethylene is the most important species in the fluorine-containing polymer and it is applied in many industrial areas, such as aerospace and medical areas. In China, PTFE is mainly obtained from suspension polymerization, but the PTFE from dispersion polymerization [1] [2] [3] which contains superior performance and is used to apply in the preparation of expanded porous products and hydraulic hose products is so less. There is a great gap in the performance of the dispersion resin compared with the foreign countries.
With the rapid development of industry, the size of the PTFE's demand has become a national economic indicator, so dealing with the control system of the production process of PTFE not only can improve the quality of the product and reduce energy consumption during the reaction, but also can provide guidance and advise to the scene of the process operation. The PTFE emulsion obtained from TFE dispersion polymerization has been applied in many important areas; foreign researchers have done a lot of work in the synthesis of fluorinated polymer emulsion and made good results in the application of research [4] [5] [6] [7] [8] . Some patents about it are implied in the industrial area successfully. The countries in which science and technology are relatively developed have their own polymerization system. They have a very detailed presentation and research on the performance and application. However, they keep the process conditions and the recipe confidential; only a few patents involved are about this; most of the articles are the analysis of the synthesized product. Therefore, this paper about dispersion polymerization of TFE has a practical significance for the industrial craft process in domestic.
Process Background of TFE Dispersion Polymerization
The main object of this study is the polymerization process of tetrafluoroethylene which is commonly used in industry. It mainly uses the emulsion polymerization and semicontinuous feeding methods [9, 10] , making ammonium persulfate as initiator and water as solvent. Because the initiator was decomposed under the acid condition, we add some glacial acetic acid to balance the liquid acid. Besides, we also should add stabilizer paraffin and chain transfer agent DDM; the main process can be summarized as follows: adding the deionized water and accessory ingredient (including initiators, stabilizers, modifiers, and chain transfer agent) which compounded well in advance (see Section 3.2); deflating and heating the reactor to make the temperature up to 70 ∘ C with stirring; after the detection of oxygen amount, adding TFE monomer and making the temperature and pressure to the specified value; and adding the monomer to keep the pressure at a certain value and, after some minutes, adding the perfluorooctanoic acid. After that we stop stirring and cooling the reactor. During the total process, the temperature should be kept between 80 and 105 ∘ C; the pressure should be kept between 15 and 17 atm. The static simulation process is shown in Figure 1 .
Steady-State Process
Simulation and Analysis
Polymerization Reaction Components.
The chemical substances were divided into conventional, segment, oligomer, and polymer in polymer plus. They have the properties data like the boiling and melting point, the molecular structure, and molecular weight. Segment mainly includes repetitive unit, endpoint, and grafting site. The properties of the polymer are mainly dependent on the polymer segment type, quantity, and composition forms. The reaction components in this paper are shown in Table 1 . In this process, APS is 5 g, CH 3 COOH is 250 mL, DDM is 100 g, and water is 400 kg. And the feed temperature of TFE is 35 ∘ C. Polymerization reactor is the main place of reaction, so its parameter setting is the most critical and important; in this paper, volume is set to 1.2 cum, the temperature is controlled between 80 ∘ C and 105 ∘ C, and the pressure is controlled between 15 atm and 17 atm. Since this reaction is a semicontinuous process, we make the reaction stop when PTFE yields reach to 150 kg.
Polymerization Kinetics.
The polymerization of tetrafluoroethylene is radical polymerization [11] [12] [13] ; the reaction kinetics [14] mainly include four elementary reactions: chain initiator, chain growth [15] , chain transfer, and chain termination [16] . The kinetic equation is expressed as follows: (1) The first step includes two parts: initiator decomposing to radical ion, combining with monomer to be monomer radical. The second step is the process of chain transfer and the third step is the process of transferring to monomer, chain transfer agent, and regulator. The end step is the process of coupling termination. is the number of the primary radical decomposition, * is the primary radicals, and 1 represents that the polymerization degree of the living polymer is one. and are the polymeric chain of which unit length are and .
and + are the die polymers of which length is and , respectively.
Due to the diversity of PTFE process, polymerization kinetics data is also different; moreover, the confidentiality of technology makes it difficult to get the complete kinetic parameters. This paper combines the relative literature data and the correction in the actual simulation we have done, so it gets a better simulation effect. The polymerization of TFE is free radical polymerization, although Polymer Plus provides relevant radical polymerization model, but the kinetics parameters of different reactions are different and because of the diversity of PTFE process; kinetics parameters debugging is very difficult and time consuming. This paper combines literature data and the results of the simulation based on the actual correction data; therefore, it gets a better simulation results. Table 2 is the setting of the kinetic parameters.
The Analysis of the Steady State

The Effect of Reactor Temperature on the Product.
For the polymerization reaction, the reaction temperature directly affects the polymerization degree which reflects the quality of the product. Too low temperature will lead to slow response and the product with low intensity. On the contrary, the reaction rate will be rapid and the reaction is difficult to control. Low temperature will get low monomer conversion rate, because low molecular motion is not conducive to the proliferation of free radicals and the collision between monomers and radical. With the rises of the temperature, the chain growth rate constant and the number of the growth active centers both increase and the probability of spreading and collision between monomer and active radicals are elevated; meanwhile, the amount of PTFE increases leads to conversion rate of the monomer increasing. However, when the temperature reaches a certain stage, the curve of conversion rate will gradually tend to level because of the secondary reaction increasing, such as coupling termination and disproportionation termination. With the reaction proceeds continuing, the concentration of active centers is reduced, so the reaction rate is leveled off. The size of the molecular weight reaches unanimity basically as time increases. In order to investigate the impact of temperature on the molecular weight distribution of the polymer, the reactor temperature is set to 82 ∘ C, 85 ∘ C, and 88 ∘ C, respectively, observing the laws of the molecular weight distribution change with the different temperature; Figures 2, 3 , and 4 show the change rules.
All the figures have shown the number-average molecular weight, weight-average molecular weight, and the dispersity of the polymer molecular weight in the relative temperature. Figures 2 and 3 show that the number-average molecular weight of the product reduces to 2645390.8 from 3317345.81 and weight-average molecular weight reduces to 5104856.48 from 6433007.62 when the temperature increases by 3 degree. Figure 2 , 3, and 4 show that the temperature changed the molecular weight and the overall curve move to the left when temperature increases; meanwhile, the curve is going to be narrow and steep. It is obvious that the increase of the temperature leads to the decrease of the molecular weight of polymer. Figure 5 shows the PTFE dispersion products molecular weight when APS is between 2 g and 8 g. Initiator is one of the most important part of emulsion formulations; it cannot be too much or too little. The reaction speed will be too fast if its usage is too much, on the contrary, too little will make it difficult to trigger the reaction and is not good for the polymer performance.
The Effect of the Initiator on the Product.
Product conversion rate will increase gradually when initiator increases, and the rise of the primary free radicals will increase the frequency of chain initiator and then lead to the rise of the monomers conversion as well as reaction rate. Meanwhile, in the chain termination and chain transfer stage, the rise of the active end of the initiation phase accelerates the collision probability between primary radicals and active chain. Therefore, the length of the molecular chain becomes short; it means that PDI reduces gradually. However, too much initiator will be treated as the electrolyte and reduce the stability of the emulsion polymerization process.
The Effect of the Regulator Feed on the Product.
Since the initiator agent decomposed under the acidic conditions, its half-life will be shortened when PH value reduces. Hence we add the right amount of glacial acetic acid in the reactor to adjust the acidity of the liquid. Figure 6 shows that PDI increases and the monomer conversion reduces as CH 3 COOH increases; this is because CH 3 COOH has a great effect on the polymerization reaction, especially in the liquid phase; it will be the chain transfer agent in the chain-transfer reaction. It is easy to react with growing macromolecular radicals and terminate the active chain, and the decrease of chain growth monomer will lead to the conversion rate reducing. Many active chains cann't get enough chain length and the value of PDI will increase, This is because the product with low molecular weight increases. Figure 7 is the dynamic process simulation; the pump and the compressor are mainly used to pump the air and discharge the liquid in the reactor. The valves are used to control the flow rate of each stream; OTHERS in Figure 7 represents water and accessory ingredient. Pressure controller PC is used to control the opening degree of monomer valves through the reactor pressure and control the feeding amount indirectly. The temperature controller R TC is mainly used to control the reactor temperature. The target value of reactor temperature is achieved by controlling the heat transfer.
Dynamic Modeling and Analysis
The Establishment of Dynamic.
The Setting of PID Controller Parameters.
With the development of computer networks [17, 18] , the control method is diverse. This paper introduces the autotuning PID controller based on relay feedback, shown in Figure 8 , to control the process. There are test status and control status in the control system. In the former status, oscillation frequency and amplitude of the test system can be obtained from the relay link tested, and then the frequency domain information can be got in this case and it combines the control strategy to obtain the PID parameters. In the latter status, the system can be run through the PID parameters. In the process of the relay feedback control, the system can generate critical oscillation to obtain critical information as long as the controlled object has at least − phase lag. Setting the controller parameter based on Ziegler-Nichols tuning formula. The main steps can be summarized as follows: the system enters the steady state through manual control; making the soft switch to connect point a in Figure 8 to make the system generate constant amplitude oscillation to obtain amplitude and frequency, calculating the controller parameter based on the tuning method, adjusting parameters and entering the closed-loop control.
This method is widely applied because of its many advantages, the main advantages include that oscillations generated by the system are entirely the internal characteristics of nonlinear systems; the system will not only be disturbed and cannot be operated normally in the closed loop, but it also can overcome the impact of the PID parameter tuning from nonlinear system; it requires little prior knowledge.
The flow controllers (FVC, FOC, and FPC) in Figure 7 are used to control the valve opening to determine the material flow in and out. According to the conventional flow controller setting, these controllers are set as = 0.5, = 0.3, and they are added by 0.1 min filter time. Valves3 and Valve4 are used at the beginning of the reactor process simulation to evacuate the air and discharge the residuum. The setting of the pressure controller is not complex as temperature control. It needs PI control alone. From the experience value and relevant documentation records [19, 20] , it can be set as = 2, = 10. After many repeated analysis of the simulation, the results prove that this parameter can get a good control effect.
The adjustment process of temperature is very complex. Temperature plays an important role on the product quality and safety of the entire polymerization process. It is difficult to achieve the desired effect with PI control only, so PID control should be used. In the setting of the parameter, the relay feedback based parameter identification method is used and a dead time between 30 s and 60 s is added. This dead time is also often discussed in network control [21] [22] [23] . Considering that the dynamic temperature lag [24, 25] and the target value of the temperature setting cannot be reached immediately [26, 27] , before the tuning of PID parameters, the hysteresis which equals to 1 minute needs to be added in the analog interface which includes the closedloop temperature controller. Figure 9 shows the process of autotuning based on relay feedback identification. Firstly, setting the target value of temperature to 363.15 K and using the relay feedback to acquire the amplitude and frequency of the system; secondly, ZieglerNichols rule was combined to it to get the PID parameter as = 0.6187, = 2.82 min, = 0.705 min. In order to get better result, the target value of temperature is set to 366.15 K. Observing the result of this controller and modifying the parameter based on the former result to get the optimal parameter according to the overshoot and system response time. After many cycle tests, the best parameters can be acquired as = 0.535137, = 3.27 min, and = 0.8175 min.
The Analysis of the Dynamic Simulation Process.
The overall process of TFE polymerization reaction can be briefly summarized in the following steps: cleaning the reactor → adding the deionized water and accessory ingredient → vacuating the reactor → adding the monomer → elevating temperature and pressure to a predetermined value → stirring → stoping the stirring when the product reaches the target value → cooling the reactor and recycling monomer.
Pressure and Monomer Feed Changes with Time.
The first five hours are the reactor cleaning and solvent injecting. After that, the TFE is added to the reactor. Figure 10 shows that the pressure in the reactor increases gradually from vacuum state along with TFE feeding. Because the target of the pressure is set to 15 atm, therefore, when the pressure exceeds this value, the opening degree of the valve1 becomes smaller and feeding amount is also reduced. Besides, the feed input can be controlled by pressure controller very well in this picture. When the amount of the product meets its requirement, the feeding valve is closed. The gas in the reactor is consumed gradually; the pressure begins to drop. 
The Liquid Level and Accessory Ingredient Changes with
Time. Reactor cleaning contains two steps: the liquid was discharged via a pump; the compressor evacuates the gas from the reactor. When the level reaches 0 and pressure is lower than vacuum state, injecting deionized water and accessory ingredient to the reactor with constant speed, the level rises to 0.4 m from the start level rapidly. When the water content reaches 400 kg, valve2 is closed and the reactor is heated to 70 ∘ C. Figure 11 shows that the level rises when the monomer is injected to the reactor and PTFE is generated. When PTFE reaches the required yield, TFE feed valve1 is closed. The pressure in the reactor decreases to some degree gradually and the reactor is cooling. The liquid level reaches a certain height and remains unchanged with the reaction stopping. 
Mathematical Problems in Engineering
Temperature and Heat Load Changes with Time.
The dynamic reaction is directly converted from the static simulation and the temperature in the beginning of the dynamic process stayed in the static setting temperature. The temperature is not controlled by the controller during the process of clearing reactor. Discharging the substance from the reactor and evacuating the gas make the reactor temperature decline rapidly from the steady-state temperature at 95 ∘ C soon. Figure 12 shows that the heat duty is in a constant state in the first 4 hours, after adding deionized water and accessory ingredient to the reactor, the reactor is heated to 75 ∘ C. Then the monomer is injected and the reaction starts. This reaction is exothermic and the feed amount of the monomer is controlled by pressure, so the temperature changes constantly. The temperature is controlled by the transfer of the heat duty, so the size of the heat load will respond to the changes of the temperature. After the process is finished, the reactor is cooled when PTFE reaches the required yield.
The Amount of APS and PTFE Changes with Time.
After injecting the solvents and accessory ingredient and heating the reactor, the initiator begins to decompose. The curve shows that PTFE is generated at five when temperature increases, meanwhile, APS decreases gradually and the decompose rate of APS in proportion to the temperature. Steady state is reached at the eighth hour; reactants and products are kept in a constant value. The changes of PTFE and APS are shown as in Figure 13 .
Analysis of the Initiator Dosage
In general, APS begins to decompose when the temperature reaches 80 ∘ C. The decomposition rate is in proportion to the temperature. The usage of initiator should be controlled within a certain range; too much initiator will lead to the reaction speed too fast and also the reaction will be difficult to be controlled well. Besides, polymerization degree of the product will be small and intensity will be low. Too little initiator will lead to the activity of initiator disappearing in the middle of the reaction; this will cause the reaction to not go on well. However, in the actual process, based on the premise of sufficient polymerization rate, the usage of the initiator should be minimum, because the residual initiator is not good for the product quality and the cost of initiator recycling is very high. There are six dynamic simulations with different usage of APS which feed amount is from 2g to 7g. For each simulation, the time required for the whole process is recorded. Meanwhile, APS's consumption and APS's residual amount should also be recorded in the end of each simulation. Then calculate the residual rate of APS. The final result is shown in Table 3 . Table 3 shows that the required reaction time increases first and then decreases, and the residual rate is converse; the reason is that the increase of the dose at the beginning results in the increase of residual. When the amount of initiator exceeds a certain amount, the reaction rate increases and temperature rises sharply; meanwhile, the decomposition rate of APS accelerates and leads to the decrease of the reaction half-life. According to the optimal choice of law, when the content of APS equals to 3 g and 2 g, respectively, the total time required is close to or even more than 10 hours; it is a little long compared to other cases with different amounts of APS. When the amount of APS is equal to 7 g, the quantity of the initiator is too much and this leads to the increase of the reaction rate; meanwhile, reaction heat cannot be removed in time to make temperature rise rapidly. Decomposition rate accelerates and retention rate is very low, but the total required time is 11 hours. This is because the initiator decomposes quickly and the reaction rate is very high; therefore, fewer initiators in later period make the reaction rate low. From the analysis above, we know that the amount of APS equaling to 2 g, 3 g, and 7 g is not the optimal reaches 22 atm. The high content of APS leads to the rapid reaction rate in this process, and it also causes the temperature and pressure is difficult to be controlled well. When the content of APS is 6 g, the temperature rises suddenly and reaches 100 ∘ C after adding TFE; meanwhile, the pressure exceeds 17 atm. When the content of APS is 4 g or 5 g, the temperature and pressure are in the controllable range, but relatively speaking, when the content of APS is 5 g, the temperature and pressure are controlled better. Table 1 also shows that productivity is higher and time consuming is less when APS is 5 g.
Conclusion
This paper has established the steady state and dynamic simulation of TFE polymerization and analyzed the changes in reactants and products with increasing time, meanwhile combining the method of relay feedback identification and Ziegler-Nichols rule to set and adjust controller parameters to keep the variables in the reaction process controlled well. The dynamic simulation records the entire polymerization reaction from beginning to the end. And it also can record each stage of the reaction process well; from the curve, we know that the temperature includes heating, balance, and cooling stages and the monomer feeding amount that is controlled by pressure controller is also ups and downs due to the pressure inside the reactor. PTFE and initiators increase and decrease gradually along with the reaction process. For APS part, we examine the influence on the reaction mainly through the total reaction time, the residual amount and the ease of control. The results show that when the content of APS is equal to 5 g, the reaction can not only be controlled well, but also guarantees a good rate of polymerization.
